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OUTCOMES FOR LUNG TRANSPLANTATION are the worst of any solid organ (6, 17) . Despite significant advancements over the past decade in lung transplantation, outcomes remain poor, and both short-and long-term graft survival is limited by the inherent threat of ischemia-reperfusion injury (IRI). Mechanisms involved in lung IRI include oxidative stress, epithelial cell apoptosis, alveolar macrophage activation, T-cell activation, and neutrophil infiltration (7, 32, 37, 40, 48, 49) . Presently no therapeutic agents are available to prevent lung IRI, and treatment strategies are limited to maintaining pulmonary mechanics and oxygenation capacity.
Sphingolipids are ubiquitous components of cell membranes, and their metabolites (e.g., ceramide, sphingosine, and sphingosine 1-phosphate) are established regulators of a vast number of cellular processes (24) . Sphingosine kinase 1 and 2 phosphorylate sphingosine to generate sphingosine 1-phosphate (S1P), a biologically active lipid growth factor that binds to a family of five G protein-coupled receptors (S1PR1-5) to regulate a spectrum of biological functions including proliferation, cell survival, angiogenesis, extracellular matrix assembly, endothelial cell barrier integrity, and immune cell trafficking and function (5, 14, 19, 33) . Okazaki et al. (30) have demonstrated that S1P increases oxygenation capacity following experimental lung transplantation while decreasing proinflammatory cytokine production, endothelial cell apoptosis, and neutrophil numbers. Other studies have shown that S1P or FTY720, a nonspecific agonist for S1PR1 and S1PR3-5 (3, 25) , provides significant protection in various models of acute lung injury (8, 28, 31) . Although these studies serve as a foundation for potential S1P receptor-targeted therapies in lung injury and transplantation, pharmacological S1P analogs with differential receptor subtype affinities have yet to be examined in the setting of lung IRI or transplantation. Thus the purpose of this study was to evaluate the potential protective advantages afforded by VPC01091, a novel sphingosine analog, which is a selective S1PR1 agonist and S1PR3 antagonist (50) , on lung IRI. In addition, we sought to concurrently evaluate FTY720 to determine the differential effects of S1PR3 targeting on lung IRI. We approached this study with the hypothesis that selective S1PR1 agonism will attenuate lung IRI and that S1PR3 antagonism would provide an additional protective advantage, as S1PR3 has been implicated as a biomarker of acute lung injury (41) .
MATERIALS AND METHODS
Study design and animals. Wild-type mice (C57BL/6, 8 -12 wk; The Jackson Laboratory, Bar Harbor, ME) were randomly assigned to six groups. All animals were treated with either vehicle or test compound via intraperitoneal injection 30 min before surgery. Two groups (sham and IR) were treated with 0.2 ml vehicle (3% fatty acid-free BSA/PBS solution; Sigma, St. Louis, MO (12) . Mice then underwent sham surgery or lung IR 30 min after intraperitoneal treatment, as this time frame has been established to achieve maximal drug effectiveness (2) . A prior timecourse study has also demonstrated that FTY720-mediated barrier enhancement is maximized at 30 -60 min following administration (9) . The present study conformed to the Guide for the Care and Use of Laboratory Animals published by the National Institute of Health and was approved by the University of Virginia Institutional Animal Care and Use Committee.
Murine lung IRI. An established murine model of lung IRI was utilized as previously described by our laboratory (37, 48) . Inhalational isoflurane anesthesia and orotracheal intubation permitted mechanical ventilation at 120 strokes/min with room air. Heparin was administered via the right external jugular vein (20 U/kg), and the left pulmonary hilum was exposed through an anterolateral thoracotomy at the third intercostal space. A 6-0 Prolene suture was passed around the left pulmonary hilum, and the two suture ends were passed through PE-60 tubing to permit hilar occlusion via tightening of suture and surgical clip application. Analgesia was administered (buprenorphine, 0.2 mg/kg) by intraperitoneal injection, and animals were returned to their cage during the 1 h of left-lung ischemia. Mice then underwent repeat anesthesia and intubation, and the hilar occlusion was released to begin reperfusion. Animals were then returned to their cages, whereupon reperfusion was continued for 2 h before functional evaluation, bronchoalveolar lavage, and histological analysis. Sham groups were identical to IR groups except that the left hilum was not occluded.
Pulmonary function. Pulmonary function at the end of reperfusion was measured using an isolated, buffer-perfused lung apparatus (Hugo Sachs Elektronik, March-Huggstetten, Germany) as previously described (47) . Mice were anesthetized and maintained on intratracheal ventilation (tidal volume ϭ 7 l/g body wt, rate ϭ 100 strokes/min, positive end-expiratory pressure ϭ 2 cmH 2O) before exsanguination by inferior vena caval transection. The pulmonary artery was cannulated, and a left ventriculotomy permitted perfusate drainage. Lungs were perfused at a flow rate of 60 l/g body wt per min with Krebs-Henseleit buffer. Following a 5-min period of equilibration, functional data (pulmonary artery pressure and pulmonary compliance) were recorded using PULMODYN data acquisition software (Hugo Sachs Elektronik) over an additional 5 min.
Bronchoalveolar lavage. Following measurement of lung function, the left lung was isolated via ligation of the right pulmonary hilum with a surgical clip. An anterior tracheotomy was then performed and permitted intratracheal placement of a 20-G angiocatheter. A circumferential suture was secured around the trachea to limit pericatheter drainage. Two consecutive aspirates of 0.4 ml of 0.9% sodium chloride were then performed through the intratracheal cannula. Left lung bronchoalveolar lavage (BAL) fluid was immediately centrifuged at 4°C (1,500 revolution/min for 6 min), and supernatant was stored at Ϫ80°C.
Cytokine and myeloperoxidase measurements. As previously described (36), cytokines were quantified in BAL fluid using a multiplex ELISA cytokine panel (Bio-Rad Laboratories, Hercules, CA), and myeloperoxidase (MPO) concentration in BAL fluid was measured by ELISA (Hycult Biotech, Uden, Netherlands).
Immunohistochemistry and neutrophil counting. With the use of separate groups of animals, lungs were inflation fixed at 10 cmH2O with formalin at 4°C for 24 h before placement in 70% ethanol for paraffin embedding. Lung sections were immunostained for neutrophils using the Vectastain ABC kit (Vector Laboratories, Burlingame, CA) as previously described (47) . Rat anti-mouse neutrophil antibody (AbD Serotec, Raleigh, NC) and alkaline phosphatase-conjugated anti-rat IgG (Sigma) secondary antibody were utilized. The signals were detected using Fast-Red (Sigma). The negative control utilized purified normal rat IgG (eBioscience, San Diego, CA). Neutrophil counting was performed by a blinded investigator. Three semistandardized fields per lung were counted at ϫ20 magnification, and the mean of these three values established the final neutrophil count per high-powered field for each mouse.
Pulmonary vascular permeability. Vascular permeability in lungs was estimated using the Evans blue dye extravasation technique, which is an index of change in protein permeability, as previously described (22) . With the use of separate groups of animals (n ϭ 5/group), Evans blue (20 mg/kg, Sigma) was injected intravenously via the tail vein 30 min before euthanasia. The pulmonary vasculature was then perfused for 10 min with PBS to remove intravascular dye. Lungs were then homogenized in PBS to extract the Evans blue and centrifuged. The absorption of Evans blue was measured in the supernatant at 620 nm and corrected for the presence of heme pigments: A620corrected ϭ A620 Ϫ (1.426 ϫ A740 ϩ 0.030). The concentration of Evans blue was determined according to a standard curve and expressed as micrograms/gram wet lung weight.
Flow cytometry. Quantification of invariant natural killer T (iNKT) cells via flow cytometry was performed as previously described (37) . Left lungs from mice were minced and incubated for 15 min at 37°C with collagenase type 1A (Sigma) in Dulbecco's PBS with 0.5% BSA and 2 mM EDTA. The lung tissue suspension was then passed through a 40-m cell strainer (BD Falcon, Bedford, MA) and centrifuged at 1,000 revolution/min for 10 min. After treatment with red blood cell lysis buffer, the cell pellet was washed and resuspended in fluorescence-activated cell sorting (FACS) buffer (0.1% BSA, 0.01% sodium azide in PBS). Cells were stained with 7-aminoactinomycin (Invitrogen, Carlsbad, CA), PerCP-Cy5.5-labeled CD45 (eBioscience), PElabeled CD1d tetramer loaded with PBS57 (1:500), an analog of ␣-galactosylceramide (␣GalCer) (NIH Tetramer Facility, Emory University, Atlanta, GA), and FITC-labeled CD4 (eBioscience). For cell counting, 100 l of cell suspension was mixed thoroughly with 100 l of Caltag Counting Beads (Life Technologies, Frederick, MD) before acquisition by FACS. At least 1,000 bead events were acquired to ensure the accuracy of the assay. The absolute number of any gated cell population was calculated as follows: CD45ϩ cell absolute count (per lung) ϭ [events of CD45ϩ cells counted/total number of beads counted (A ϩ B) ϫ input bead number]/lung. The total number of iNKT cells (per lung) was calculated by multiplying the CD45ϩ cell number and the percentage of the CD4ϩCD1d tetramerϩ subset. For example, the CD4ϩCD1d tetramerϩ cell number (per lung) ϭ (total CD45ϩ cell number) ϫ (percent of CD4ϩCD1d tetramerϩ cells gated on the CD45ϩ cell population).
Statistics. Statistical analyses were performed using one-way ANOVA with a post-hoc Tukey's multiple-comparisons correction. A P value of Ͻ0.05 represented statistical significance. Results are presented as the means Ϯ SE.
RESULTS

Pulmonary function after IR is improved by VPC01091 and FTY720 treatment.
To determine whether S1PR1 agonism improves lung function after IR, mice were treated with VPC01091 or FTY720 before ischemia or sham surgery. Vehicle-treated mice demonstrated significant lung dysfunction following IR as shown by increased pulmonary artery pressure and decreased pulmonary compliance (Fig. 1) . Compared with vehicle, both FTY720 and VPC01091 significantly decreased pulmonary artery pressure and increased pulmonary compliance after IR. No significant differences were observed between sham groups treated with vehicle, VPC01091, or FTY720 (Fig. 1 ). These results demonstrate that selective agonism of S1PR1 by VPC01091 improves lung function after IR to the same level as FTY720.
VPC01091 and FTY720 reduce pulmonary vascular permeability after IR. To investigate the extent to which VPC01091 or FTY720 affects vascular permeability after IR, pulmonary vascular leak was assessed using the Evans blue dye extravasation technique. IR significantly increased vascular permeability, which was significantly attenuated by VPC01091 or FTY720 (Fig. 2 ). These results demonstrate that FTY720-mediated attenuation of vascular permeability after IR can be reproduced by selective S1PR1 agonism by VPC01091.
VPC01091 and FTY720 attenuate proinflammatory cytokine production following IR. Pulmonary inflammation after IR was assessed by measuring levels of proinflammatory cytokines in BAL fluid. IR significantly increased expression of IL-6, IL-17, IL-12 p70, IL-12/IL-23 p40, CC chemokine ligand-2 (CCL2), and TNF-␣ in vehicle-treated animals (Fig. 3) . VPC01091 treatment resulted in significantly decreased levels of IL-6, IL-17, IL-12 p70, IL-12/IL-23 p40, CCL2, and TNF-␣ following IR vs. vehicle treatment. Similarly, FTY720 treatment significantly decreased levels of IL-6, IL-17, IL-12/IL-23 p40, CCL2, and TNF-␣ after IR vs. vehicle treatment. Cytokine levels were similar among sham animals treated with vehicle, FTY720, or VPC01091 (Fig. 3) . These results demonstrate that FTY720 and VPC01091 have similar inhibitory effects on proinflammatory cytokine expression after IR.
Neutrophil activation and infiltration after IR are decreased by VPC01091 and FTY720 treatment. Neutrophil infiltration is a hallmark of lung inflammation after IR, and thus neutrophil numbers and activation status were assessed in lungs. Immunostaining of lung sections demonstrated that elevated neutrophil infiltration after IR was significantly attenuated by both VPC01091 and FTY720 treatments (Fig. 4, A and B) . The concentration of MPO, a peroxidase enzyme abundantly present in neutrophil granulocytes and released upon activation, in BAL fluid was significantly increased after IR vs. sham in vehicle-treated animals (Fig. 4C) . Both VPC01091 and FTY720 treatments resulted in significantly decreased MPO concentration vs. vehicle-treated IR. There were no significant differences in neutrophil counts or MPO levels between sham animals treated with vehicle, VPC01091, or FTY720 (data not shown). These data suggest that FTY720-mediated effects on neutrophil infiltration and activation after IR are reproduced by selective S1PR1 agonism by VPC01091. S1PR1 agonism is essential for VPC01091-mediated attenuation of lung IRI. To determine whether the S1PR3 antagonist functionality of VPC01091 potentially contributes to VPC01091-mediated protection after IR, an S1PR1 antagonist, VPC44116, was coadministered with VPC01091. Coadministration of VPC01091 and VPC44116 resulted in a reversal of protection from lung dysfunction after IR (Fig. 5) . VPC1091/ VPC44116 combined treatment significantly reversed the VPC1091-mediated decrease in pulmonary artery pressure after IR. Similarly, VPC1091/VPC44116 combined treatment also reversed VPC01091-mediated improvement in pulmonary compliance although this did not reach significance. These results confirm S1PR1 as the principle protective mediator of lung IRI by S1P analogs such as VPC01091.
VPC01091 does not affect infiltration of iNKT cells after lung IR.
To identify iNKT cells, a PE-labeled CD1d tetramer loaded with an analog of ␣GalCer was utilized as previously described (37) . The total number of iNKT cells (CD4ϩ CD1d tetramerϩ) was increased over fourfold in the left lung after IR (71,706 Ϯ 8,086 iNKT cells) compared with sham (16,977 Ϯ 3,357 iNKT cells) in vehicle-treated mice (Fig. 6) . Treatment with VPC01091 did not significantly affect iNKT cell numbers after IR (90,357 Ϯ 10,429 iNKT cells) vs. vehicle (Fig. 6 ).
DISCUSSION
Use of pharmacological S1P receptor-targeted drugs have demonstrated promise in the regulation of immune-mediated disease through the inhibition of lymphocyte egress from lymphoid organs (46) . This strategy has been adopted to attenuate acute injury and graft rejection in kidney and liver transplantation with a proposed protective mechanism through S1PR1 binding (1, 2, 42) . Several studies have supported the application of S1P and FTY720 in the reduction of injury in experimental lung transplantation models (18, 30) . Although these studies support a protective role for S1P and S1P analogs in IRI, further understanding of the role of specific S1P receptor subtypes in lung IRI is needed. S1PR3 has been linked to decreased epithelial integrity within the lung in addition to promoting airway hyperreactivity, systemic hypertension, coronary artery vasoconstriction, and profibrotic responses within the lung (13, 15, 23, 29, 39, 43) . Additionally, the nitrated form of S1PR3 is increased in the plasma of mice and humans with sepsis-induced acute lung injury, and reduced S1PR3 expression is associated with an attenuation of increased vascular permeability during acute lung injury (41) . Thus the design of agents with differential activities at S1P receptor subtypes may help provide optimal protection from lung IRI with reduced negative side effects. With this understanding, the present study evaluated the efficacy of a novel sphingosine analog, VPC01091, that serves as a selective S1PR1 agonist and S1PR3 antagonist (50) . Comparison of VPC01091 to the nonselective FTY720 agonist demonstrated an equivalent level of protection, suggesting that that S1P-and FTY720-mediated protection is achieved primarily through S1PR1 activation. Although FTY720 also acts on S1PR4 and S1PR5 receptors, S1PR5 is exclusively expressed in the brain and skin (27) . The biological activities of S1PR4 are not well established; however, a recent study has demonstrated that S1PR4 deficiency results in impaired dendritic cell migration, cytokine secretion, and Th-17 cell differentiation (35) . This supports a potential mechanistic role for S1PR4 in IRI pathogenesis (21, 33) . The present data demonstrate that antagonism at S1PR3 does not result in altered therapeutic efficacy of VPC01091. Although superiority of VPC01091 over FTY720 in protection was not demonstrated in the present study, the use of VPC01091 may be advantageous to avoid potential long-term effects of S1PR3 receptor agonism by S1P, FTY720, or similar nonspecific agonists.
Important to the advancement of pharmacological S1P receptor agonist therapy is the timing of delivery, as S1P receptor expression at the cell membrane can vary according to the cell activation state (26) . Graeler et al. (16) demonstrated that activation of CD4ϩ T cells results in decreased S1P receptor expression, suppressing the potentially beneficial effects of S1P administration after onset of injury (16) . However, pretreatment before T-cell activation results in a significant inhibition of chemokine-directed migration. These prior findings provided rationale for the use a pretreatment strategy in the present study and support the translation of this therapy to the treatment of the donor lung or transplant recipient before transplantation.
Debate persists regarding the mechanisms of protection afforded by S1P or FTY720 administration, supporting our application of VPC01091 as a novel agent for prevention of lung IRI. FTY720 has been demonstrated to have more potent effects than S1P on immune cell trafficking and recruitment to secondary lymphoid organs, as it is not metabolized as efficiently as the natural ligand (19) . These findings introduce potential limitations to S1P delivery for prevention of IRI, supporting the design and utilization of selective S1P receptor agonists that are optimized for maximal biological effect. FTY720 treatment was found to downregulate S1PR1 expression, creating a temporary pharmacological S1PR1-null state in lymphocytes (26) . This strategy has been adopted in models of renal IRI, with antagonist studies suggesting the mechanism of activity to be at S1PR1 (2) . The coadministration of VPC01091 with a selective S1PR1 antagonist (VPC44116) in the present study supports a similar mechanism of protection from lung IRI through S1PR1 agonism. A multitude of studies suggests a central role for S1P signaling in the maintenance of endothelial barrier function (44) . S1P and FTY720 have been suggested to sustain the endothelial cell barrier during a state of inflammation through S1PR1 activation and induction of hepatocyte growth factor, acting through a G i -coupled receptor, tyrosine kinases, and lipid rafts (4, 10, 11) . Parallel studies with S1P and FTY720 in the setting of reduced S1PR1 expression (via siRNA) have demonstrated an absence of effect on pulmonary endothelial barrier enhancement, suggesting that the protective effects are dependent on the S1PR1 (9) . Although these mechanisms of protective actions remain unclear, the present study importantly demonstrates that both FTY720 and VPC01091 provide similar protection from lung IRI, including potent preservation of endothelial barrier function. The reduction in vascular permeability by FTY720 and VPC01091 after IR (Fig. 2) could, however, result from direct effects on endothelial cells, indirect effects of reduced proinflammatory cytokines/chemokines, or both. Furthermore, while validating prior studies that support the efficacy of FTY720 in attenuation of IRI, our utilization of VPC01091 demonstrates that antagonistic activity at the S1PR3 receptor may not limit therapeutic potential and suggests VPC01091 as a more strategic therapeutic approach for prevention of lung IRI through S1PR1 agonism (18) . Prior study has demonstrated that S1P analogs reduce inflammation through the negative regulation of IL-12p70 following LPS administration (34) . Furthermore, S1P is decreased in patients with cystic fibrosis, and supplementation has demonstrated the potential to rescue major histocompatibility complex-II and CD40 expression on lung dendritic cells (45) . These data are supported by our finding that protection from lung IRI by FTY720 and VPC01091 was associated with decreased IL-12 (p70) expression as well as IL-12/IL-23 (p40) expression (p40 is a subunit of both IL-12 and IL-23), suggesting mechanistic effects on the dendritic cell-T-cell axis during lung IRI. The reduction in IL-12/IL-23 by FTY720 and VPC01091 likely contributed to the observed decrease in IL-17 production after IR, which confirms our previous results that demonstrate a principle role for IL-17 production by iNKT cells in lung IRI (37) . Thus it is possible that S1PR1 agonism attenuates lung IRI, at least in part, by dampening the IL-23/ IL-17 axis. This becomes more relevant because we observed that VPC01091 did not affect iNKT cell trafficking into the lung after IR (Fig. 6 ), which supports findings by Hwang et al. (20) showing that S1PR1 agonism affects NKT cells largely by inhibiting cytokine production rather than affecting migration (20) . Thus results of the present study suggest that S1PR1 agonism potently attenuates lung IRI by modulating both endothelial barrier function and iNKT cell activation.
Although the present study provides important insights into the potential for S1P receptor-targeted therapies in prevention of lung IRI, inherent limitations exist. First, the lung IRI model entails warm ischemia and reperfusion of the lung but does not involve transplantation. Although this model has been validated by prior study and is an accepted model for mechanistic studies in IRI, immunoregulatory effects of these agents on donor-recipient cell interactions cannot be concluded from the present study. Second, the present study involves a 2-h period of reperfusion and thus focuses on acute IRI. Although acute injury and chronic rejection pathologies have causal and associative linkage in lung transplantation, no conclusions regarding the effects of these compounds on chronic graft function can be made from the present study. Importantly, however, we predict that VPC01091, through prevention of IRI, would benefit long-term immunoregulation and graft function. Thus it is possible that S1PR1 agonism and paired S1PR3 antagonism may provide optimal S1P receptor-targeted prevention of rejection pathology after lung transplant while limiting the profibrotic activity that has been associated with S1PR3 receptor activation (5). This hypothesis is based on a prior study in a bleomycin model of lung injury that demonstrated an exacerbation of lung injury with diffuse alveolar damage and more significant hyaline membrane deposition with repeat FTY720 administration (38) .
In conclusion, the present study demonstrates that S1P analogs provide a promising modality for the prevention of lung IRI. The finding that VPC01091 affords equal protection to FTY720 in lung IRI demonstrates that the protective mechanisms, such as preservation of endothelial barrier function or modulation of iNKT cell activation, are primarily dependent on S1PR1 agonism. Use of VPC01091 may, therefore, be a more effective approach to S1P receptor-targeted therapy, as it avoids the limited potency of S1P alone while also avoiding potential deleterious effects of S1P3-mediated profibrotic processes after lung injury.
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